for evaluating the mechanical integrity of power transformers. This paper proposes a methodology to locate inter-disc fault in a transformer winding through FRA measurements. A core-type three phase transformer is used for simulating faults on several locations along the interleaved winding, from top to bottom end.
INTRODUCTION
Power transfonner is one of the most important and expensive asset for power utilities. The life expectancy of a transformer is typically between 20 to 30 years. It is the main interest for the utilities to prolong the operation of the transformer while avoiding any breakdown or failure. However, it is possible that a transfonner's life maybe shorten due to lack of monitoring and maintenance practices. To monitor the transformer's condition, there are various methods available that can be employed. All of these methods can be categorized into electrical, mechanical or chemical approaches. For assessing the mechanical integrity of power transfonner, frequency response analysis (FRA) is widely accepted as the best method.
In FRA, the electrical response of a winding is measured by supplying a wide range of frequency signal from one terminal of the winding and measure the output signal at the other end. Various test configurations are employed for FRA measurements on three phase transfonners. These configurations are described in detail in [1] . One of them is shown in Fig. 1 . The ratio between the measured voltage and the reference voltage over a wide frequency range is the transfer function response of the winding. This response does not only contain information regarding features of the winding, but also the core and the insulation system. In majority of FRA analysis, magnitude versus frequency plot is used since it is easier to evaluate the attributes of the response especially the resonances.
Comparative analysis is performed between the latest and reference FRA measurements to estimate whether the transformer suffers any defect. Since FRA is extremely sensitive to winding movement, slight mechanical changes in the transformer will cause the response to be altered. Therefore, by comparing two responses to observe for any dissimilarity, the status of the transformer can be determined.
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Fig. 1. End to end short circuit test configuration
During operation, a power transformer may experience a variety of faults or damages on its components. One of the common damages of the transformer winding is the short circuit fault, which occurs due to the failure of insulation between two conductors. The fault can either be an inter-turn or inter-disc fault. Inter-turn fault is the short circuit fault between two conductors in the same disc whereas inter-disc fault is in the adjacent discs. A slight change in the mechanical properties of the winding will cause the winding's response to be altered. Several research works which investigate the fault from the FRA perspective are discussed in [2] [3] [4] [5] . One of the main challenges in FRA analysis is to interpret the measured winding response for a more meaningful result such as the location of the fault.
In this paper, a methodology is proposed for locating the inter-disc fault in the transformer winding using the FRA. The fault is artificially simulated on the winding at several locations axially along the winding. All faults and normal condition of the winding are measured using FRA equipment to obtain the corresponding winding responses. Correlation coefficient is employed to quantify the disagreement between the normal and faulted winding responses. The sensitivity table of the response is also used in conjunction with correlation coefficient to determine the cause of the response variation. For further analysis, vector fitting algorithm and Nyquist plot are applied on all responses to identify the inter-disc fault location on the winding.
II. FAUL T SIMULATION AND FRA MEASUREMENT
In this investigation, a core-type three phase transformer as shown in Fig. 2 is used. The transformer consists of six windings and each has different type of conductor arrangement. Only the high voltage interleaved winding is used to simulate the inter-disc fault. The winding has 14 turns on each disc with a total of 40 discs. A transformer tap is available at every two discs along the winding making it feasible to create the fault. Two taps are connected using a short cable to simulate the short circuit fault between two adjacent discs. The frequency responses of the winding at normal and faulty conditions are measured. For the test configuration, the end to end short circuit as shown in Fig. 1 is used. The reason for selecting this configuration is to avoid the influence of the transformer core in the measurement since it is not related to the fault. 11 measurements are performed on the winding consisting of one measurement at normal winding condition and 10 measurements from the winding at 10 different fault locations. The fault locations are listed in table I. Each fault is labeled to identify the winding location.
To present the results, all measured responses are divided into two figures. Fig. 3 shows the FRA measurements of normal and faulted conditions where fault is in the top half of the windings. Fig. 4 shows the FRA measurements of normal and faulted conditions where fault is in the bottom half of the windings. In both figures, the typical shape of an interleaved winding response can be observed. In general, the response of an interleaved winding will have a negative slope at medium frequencies, followed by a dominant antiresonance and finally a positive slope at the high frequency region. This is mainly due to the high series capacitance of the winding.
Each response has a constant magnitude of 0 dB at low frequency region from 20 Hz to 1 kHz which indicates that the voltage ratio of output to input is 1. Therefore during this frequency region, there is no influence of the impedance from the winding or the core on the response because the output voltage is equivalent to the input voltage. As the frequency increases, the response begins to show negative slope from 1 kHz to 100 kHz. This is due to the leakage inductance of the winding which dominates the response at medium frequencies. Since the measurement is performed using end to end short circuit configuration, the influence of magnetizing inductance from the core is excluded.
By observing the zoomed plot in Fig. 3 and Fig. 4 , the faulted response can be seen increased in magnitude compared to the normal response. This is the result from the reduction of the leakage inductance from the inter-disc fault. In addition to that, as the fault moves towards the center of the winding, the response increased higher in magnitude. This implies that the reduction of the leakage inductance is higher if the fault occurs closer to the winding center.
At high frequency region, a dominant antiresonance where the response reaches the lowest magnitude can be noticed between 100 kHz and 1 MHz. The antiresonance occurs when the impedance of the winding becomes highest at a particular frequency. This incident is caused by the parallel combination between the inductance and capacitance of the winding. As the frequency increases, the magnitude of the response also increases thus producing a positive slope from about 800 kHz and above. The response in this region is primarily governed by the capacitance of the winding.
Comparing all responses in Fig. 3 and Fig. 4 , close similarities exist between faults at top and bottom winding. For example, fault at top 1 has the same response as fault at bottom l. This is due to the winding symmetry. For example top 1 and bottom 1 faults are located close to the end terminal of the top and bottom winding respectively.
III. STA TISTICAL INDICATOR
Besides examining the winding response based on the slope and resonance, it is also a common practice to employ statistical indicators. Statistical indicator is used for measuring the disagreement between two responses. Several indicators are available but the correlation coefficient (CC) is probably used widely. CC compares two sets of numbers and if these two are exact matched; the value of CC is 1. However, if there is no correlation between them, the value of CC is O. Equation (1) defmes the Cc. From the equation, Xi and Y i is the i-th value from data series of X and y. x and ji are the mean value of data series of x and y. CC is computed between the normal and faulted responses. In order to analyze responses using CC, the indicator should be computed on several frequency sub-bands as suggested in [6] . The user should defme the sub-bands according to the observed response. In addition, the reference also provides a table which could identity the possible component that caused variation in the response. table II shows the sensitivity of the frequency response according to transformer components and failures [6] .
Based on the observed responses, four sub-bands are defmed according to the influence of the winding parameters. The computed CC for every sub-band has been recorded in table III. The fIrst frequency sub-band consists of the no impedance influenced region from 20 Hz to 1 kHz. All CCs for this subband are l.000 which indicates that there is no variation between the two compared responses.
The second frequency sub-band covers the negative slope from 1 kHz to 100 kHz. This sub-band comprises the effect of the winding inductance. Even though the inter-disc fault has altered the effective inductance, all CCs for this sub-band are 0.999, which could lead to a wrong interpretation as it indicates the winding is in good condition.
The third frequency sub-band is from 100 kHz to 1 MHz. This sub-band consists of resonance and antiresonance of the response which influenced by both inductance and capacitance. The inter-turn fault has changed these electrical parameters leading to create resonance and antiresonance at different frequencies. For this sub-band, the lowest computed CC is 0.671 when the fault is located at top 2 whereas the highest CC is 0.954 when the fault is located at top 4. The CCs are not consistent where there is a large different in value between 0.671 and 0.954. There is no defInite trend can be observed on the responses.
The fourth frequency sub-band is from 1 MHz to 2 MHz which is influenced by the winding capacitance. In overall, all CCs in this sub-band showed value of more than 0.96 which is considerably high indication of good correlation. Since CCs for the third sub-band have the lowest value, it has been taken has the best region for identitying the inter-disc fault. As proposed in table III the response in this region is sensitive to the winding movement or deformation. Vector fItting is an algorithm for estimating transfer function from the magnitude and phase plots. The estimated transfer function will be a rational function in the form of a sum of partial fractions as (2) . The algorithm employs an iterative approach where the poles of the rational function will be relocated every repetition until the desired accuracy has been achieved.
In this application, the criterion for the algorithm to stop the iteration is based on the root mean square error (RMSE) between the reference and the estimated plots. This may also be called as the quality of the approximation. If the algorithm can achieve very low RMSE, the estimated rational function has a good quality. For the algorithm to stop, a good initial estimation of the number of starting poles, N is required. This is because the poles are related to the resonances in the frequency response. Having very little poles will not produce an accurate transfer function whereas overestimating will be unnecessary. To estimate the number of poles required, this paper employs a simple and automated approach. Initially, two pairs of starting poles are allocated and the iteration runs until it reached the tenth iteration. After the last iteration, the algorithm computes the root mean square error (RMSE) between the reference and the estimated responses. For the RMSE not less than 0.00001, the algorithm increased the number of starting poles by two and run the process again. Once the algorithm reaches the required RMSE, the fmal estimated transfer function is recorded. With the transfer function of each response has been obtained, it is possible to further analyze it in a different form such as the pole plot as described [2] and the Nyquist plot as applied in [7] . In Fig. 5 , poles from the transfer function of normal and top faulted winding conditions are plotted. With careful observation, there is no particular movement of the poles as the fault shifts from top 1 to top 5. For that reason, it is difficult to establish an interpretation scheme from the pole plot. This appears to be the same for normal and bottom-faulted winding conditions as given in Fig. 6 . Therefore one could conclude that pole location analysis is not a suitable approach to analyze this type of fault.
C. N y quist Diagram
Plotting the transfer function on the Nyquist diagram is commonly applied in the control system stability analysis. In [7] , the Nyquist diagram is used as an interpretation tool for the FRA responses. It shows that by analyzing the shape of the plot drawn on the Nyquist diagram, the location of the deformed winding can be determined. Based on that idea, the Nyquist diagram is also utilized in this study for locating the inter-disc fault within the winding.
The transfer function is initially in s-domain, it is then converted into the frequency domain and its value is computed for several frequency points from 20 Hz to 2 MHz. Each computed value is plotted in X-Y axis. X axis and Y axis are for the real value and imaginary value of the transfer function respectively. All transfer functions are plotted on the Nyquist diagram in Fig. 7 and Fig. 8 for top and bottom windings. As shown in Fig. 7 , each transfer function produced a semi circle plot. On the inset, it can be observed that as the location of the fault moves from top 1 to top 5, the imaginary value of the corresponding plot is increased. As has been explained earlier, each point in the Nyquist plot is the real and imaginary value of the transfer function at a particular frequency. The curvature of the plot where it reaches the lowest imaginary value is actually corresponds to the transfer function in the medium frequency region which is influenced by the inductance. A similar variation of Nyquist plots observed in Fig.  8 .
All minimum imaginary values from each plot in Fig. 7 and Fig. 8 are recorded in table IV for developing an automated scheme to locate an inter-disc fault. An indicator labeled as the absolute difference, 1 L11 m minl is introduced to compare the minimum imaginary value between the normal and faulted winding plots. From table IV, linear relationship can be observed between the absolute difference and the fault location. As the location of the fault moves from the end to the center of the winding, the absolute difference increases. With this relationship, two equations for top and bottom winding can be constructed. To generate these equations, a fault location index (FLI) is introduced as an indicator of the fault location. For normal winding condition, the index is O. If the fault is located between disc 1 and 2 or at the 15t pair of discs from the top winding end, the index is 0.1. Similarly for the fault located between disc 39 and 40 or at the 15t pair of discs from the bottom winding end, the index is 0.1. For index 1.0, the fault is at the pair of discs which is closest to the winding center. Equation (3) and (4) represent the linear relationship between the fault location index and the absolute difference for top and bottom portions of the winding respectively. ILllmmin l-6.7 x 10-4
ILllmmin l-7.8 x 10-4
As shown in Fig. 9 , by plotting (3) and (4), it can be noticed that these two lines are almost identical. Therefore, an average line is computed as (5) which represent both top and bottom winding. With this equation, the location of the fault between the end and the center of the winding can be determined. Although it is important to mention that with the equation, the fault can still be either at the top or bottom half of the winding. However, the inter-disc fault is most likely to occur on the top winding which is constantly exposed to a higher temperature (faster insulation degradation) than the bottom half of the winding. V.
CONCLUSION
In this paper, the occurrence of inter-disc fault on the transformer winding is studied from FRA perspective. An interleaved winding is used to mechanically simulate the fault for several locations along the axial axis. FRA measurement is performed with faults in different locations to obtain the corresponding winding responses. It is found that faults located at the top and bottom half of winding at a similar distance from center have almost identical responses. The correlation coefficient and the response sensitivity table are successfully used to identify winding deformation or movement. A new method for fault location is proposed by employing the vector fitting algorithm and the Nyquist diagram. Using this method, the winding response is drawn in a Nyquist plot. A methodology based on trend of the variation of the minimum imaginary value of Nyquist plot is used to identify the fault location. It has been observed that this value increases as the fault appears closer to the center of the winding. From this trend, two linear equations are obtained for the top and bottom part of the winding. A general equation is also computed which can also be applied for locating both top and bottom winding faults.
